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INTRODUCTION

PURPOSE.

The purpose of this report is to document various instrumentation systems,
methods, and techniques particularly suited to conducting propeller stress
surveys and also to describe their relative merits.

The broad character of the information, as it is presented, is intended to
place in perspective, to those unfamiliar with the subject, the nature of the
problems involved and their solutions,

BACKGROUND.

The Federal Aviation Administration (FAA) contracted for the research and
development of a self-energizing, long-term system that eliminates sliprings.
The system uses a constant bandwidth frequency modulation (FM) format and
multiplexing of strain gage signals in accordance with Inter-Range Instrumen-
tation Group (IR1G) standards. A capacitive coupling transfers the FM
composite signal from the propeller to the recording instrumentation in the
aircraft,

Using this method, it becomes possible to do long-term, high-altitude testing
with low--bridge voltage under adverse weathcr conditions ascertaining steady
as well as vibratory strain on 16 separate channels. Additional parameters
included are altitude, airspeed, vertical acceleration, deck angle, manifold
pressure, revolutions per minute (r/min), and a time code. The data

gathered are recorded on magnetic tape for further processing through ground-
based equipment. A computer program enables a user to rapidly process and
analyze this data,

A third system tested by the FAA uses a miniaturized FM transmitter for each
channel as a data link from the propeller to the aircraft.

DESCRIPTION OF PROPELLER STRESS MEASUREMENT PROCESS

STRESS/STRAIN MEASUREMENT (SOME GENERAL CONSIDERATI1ONS).

An increased number of unexplained failures occurred with the advent of
metal propellers. This prompted investigations which revealed that the
fractures were mainly due to metal fatigue.

Fatigue failure in metal structures is the result of the gradual spread
of microscopic cracks or flaws in the metal crystalline structure. These
cracks are further propagated by the large number and variety of cyclic
bending loads imposed on the structure.
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Vibratory stress surveys can be used to eliminate fatigue failure in
propellers by applying information gained in such surveys toward better
design criteria based on substantial factual test data. Figure 1 likens
a propeller to a beam,

.| CROSS SECTION

=1 " AREA A

FIBERS ABOVE CENTER
ARE ELONGATED

\/
FIBERS BELOW _— -
CENTER ARE
SHORTENED

CENTER PLANE FIBERS IN
THIS PLANE ARE NEITHER
ELONGATED NOR SHORTENED
(UNSTRAINED)

EXTERNAL LOAD
CAUSING BENDING

74-42-1
BENDING BEAM

FIGURE 1. BEAM-BENDING STRESS/STRAIN DIAGRAM

When such a structure is bent by an external load, one side will be in
tension while the other side is in compression--that is, the compression
side is "shortening" while the tension side is '"elongating." This com-
pression and tension actually causes a change in the length of each side
of the beam and is called "strain.'" Thus,

Strain = Change in Length Per Unit Length or

As the beam is being bent, an opposing force is produced which is resistive
to the bending force. This force is called 'stress." The stress can be
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determined by dividing the bending load or force by the cross-sectional area
of the beam., Thus,

Stress = Bending Force Divided by Cross-Sectional Area or

Stress =0g= Force =

F
Area A

(2)

Stress and strain are related by a numerical constant whose value depends
on the material the beam is made from.,

This numerical constant is called the '"modulus of elasticity" of the material
abbreviated as "E." The modulus value of dural, for instance, is 10,000,000
pounds per square inch (1b/in2).

Hookes law shows the relationship of stress to strain, whereby stress is
equal to modulus times strain or

o = Ee (3)

There is a limit to the load-carrying capacity of any structure. The

capacity depends on the material, physical dimensions, and the manner in which
the load is applied. The load limit, measured in pounds per square inch,

is much less if the load 1s cyclic in nature rather than a steady load, since
the cyclic loading induces metal fatigue and subsequent failure of the
structure. However, there is a minimum value (in terms of stress) called

the "endurance 1limit" at which cyclic loading may be imposed for an indefinite
time without subsequent failure,

A plot of the number of cycles required to fracture like specimens of a
given metal against the various levels of strain each specimen is subjected
to will produce a "stress--number of cycles (S-N) curve" (figure 2). From
this plot, the endurance limit can be found,

ULTIMATE STRENGTH
(LOAD LIMIT)

100, 000
T

VIBRATCOCRY
STRESS LEVEL
LB /IN°

; ) ] | \ ) | |
0 10 102 103 104 10° 10® 107 74-42-2
NUMBER OF CYCLES OR STRESS REVERSALS

FIGURE 2. STRESS VS. NUMBER OF CYCLES (S-N) CURVE PLOT
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A strain gage (figure 3) is used to procure accurate information about the
magnitude, distribution, and direction of strain in a loaded structural body.

{ Because of the great number of gages available, one should be aware of the
gage design characteristics in order to secure the most dependable and
useful information.

The extreme environmental conditions encountered in a propeller stress
survey demand attention to the smallest detail. Consideration must be given
3 to the type of material under test. Operating temperature of the specimen

i as well as the gage excitation voltage, which will be largely dissipated as
heat to the substratum, must be considered.

The strain range, grid length, size and configuration, and lead attachment as

% well as gage location are critical. Adhesive types, application methods

3 and techniques are an art in themselves which are discussed later in the text,
E TRANSMISSION OF STRAIN INFORMATION FROM PROPELLER TO RECORDING SYSTEM.

4 Early testing methods used a slipring and brush assembly such as shown in

% figure 4. Excitation power for the strain gages is carried via the electrical

i harness from the brush holder assembly connected to the brush and through the
slipring assembly's polished contact surface. The back of the contact

surface is connected to several terminal studs on the forward side of the
slipring. These studs serve as a convenient mount to place balancing
resistors as well as the attaching point for the electrical harness connecting
the strain gages to the slipring assembly.

Years of development efforts resulted in improved slipring assemblies as
shown in figures 5 and 6.

A variation of the aforementioned type of slipring is called the "pineapple."
Pineapples are shaft-type slipring assemblies., The shaft carrying the slip-
rings mounts on the axis nf rotation and rotates with the test propeller.

- The stator rides on the shaft bearings and carries the brushes, Because of
the requirement for stator restraint forward of the propeller, pineapples are
seldom used on aircraft in flight. However, figure 7 does show a pineapple
installation on a pusher-prop-type aircraft prepared for flight.

Although these systems represent vast improvement with respect to data trans-
mission from the propeller to the recording instrumentation, there was room
for further improvement.

This was manifested in the development of the FiA/Hamilton Standard Division
(HSD), United Aircraft Corporation (UAC), system which eliminated the use of
sliprings.

This is accomplished by an air-dielectric rotating capacitor, in which one
plate rotates with the propeller while the other remains stationary, fixed to
the engine (figure 8).
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3 While this system was undergoing flight testing at the National Aviation
Facilities Experimental Center (NAFEC), still another system evolved. This
system uses miniature M telemetry devices (figure 9).

In this system, a transmitter and battery power supply for each strain gage
is mounted on the propeller close to the hub and the output signal is picked
up by an antenna mounted nearby on the engine cowling.

In both the capacitive device and the FM telemetry device, the signal is
pacsed from the propeller to the airframe without any mechanical connection.
A representative block diagram is shown in figure 10 for all systems.

DATA RECORDING AND ANALYSIS

WAVE SHAPES AND OSCILLOGRAPHIC RECORDING.

A propeller making one complete revolution in one second is said to have a
frequency of one revolution per second. A cycle is a period of time at the
end of which a certain happening will reoccur. Therefore, if a propeller
blade bends first in one direction, and then the other, the complete motion
is called a "cycle.'" The number of bending cycles in a unit of time is the
frequency. One unit of the process is a cycle, and the number of cycles in
a unit of time, the frequency.

If a propeller were rotating 1,000 revolutions in a minute, and simultaneously
bending back and forth twice each revolution, the bending frequency would be

1.000 revolutions 2 bending cycles
’ minute revolutions

= 2,000 bending cycles
per minute

or 33.3 cycles per second.

/
Strain gage data can be recorded in a number of ways, one of which is through
the use of an oscillograph. In an oscillograph, the strain gage electrical
signal is converted into equivalent light signals and recorded on moving
light-sensitive rolls of paper.

This is accomplished by connecting the strain gage signal to a galvanometer.
The galvanometer, being extremely sensitive to changing electrical energy
passing through it, causes a small mirror fixed to it to move in response to
variations in the input signal to the galvanometer,

A fixed-light source directs its light rays onto the mirror, which, as it

moves, reflects these rays to a focusing lens and then to the moving
photosensitive paper for recording.
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Galvanometers are manufactured in a number of types differing in frequency
response and sensitivity. The former refers to the rapidity with which
the galvanometer will respond to changing input signal, while the latter

refers to the amplitude of the reflected light beam per unit value of
input signal, ]

A galvanometer with a flat frequency response of zero to 1,920 hertz (Hz) 7
and a sensitivity of 1.7 inches per volt means that when a 1l-volt input y
signal having a frequency of 1,920 Hz or below is applied to the galvanometer 3
terminals, the recorded light beam will deflect an amplitude of 1.7 inches
1,920 times between the l-second timing marks,

TR IR Tr e

Thus, timing lines placed on the paper can be used to determine the frequency
g of the input signal.

In the simplified oscillogram illustrated in figure 11, an inspection will
reveal the stress frequency in terms of propeller speed and hecrtz (cycles per

} second). i
‘* ONE CYGLE OF BENDING STRAIN GAGE TRACE
| 2 b
B AAVAEAVAYAVITIV S
; J/ [ YERVERVARVARVARVARVARY u/ v {

-., ONE PROPELLER )
I

REVOLUTION

FAE e Tt O
SIS

& |

=
ke
X
q
A
.
g

74-42-11

FIGURE 11. SIMPLI1FIED OSCILLOGRAPH QUTPUT SAMPLE

A

The stress frequency is obtained by counting the number of bending cycles
which occur during one revolution of the propeller or during an interval of
time, usually 1 second.

It should be noted that the same geometrical relationship should exist
between the timing lines and the stress trace at the end of the count as at
the beginning.
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The waveforms normally encountered in propellers, unfortunately, are more

complex. A complex waveform will result whenever two or more simple waves
are combined.

The following plot (figure 12) illustrates the manner in which these simple
waves combine to form the complex wave. Note that if the illustration were
continued, the pattern would repeat itself.

The numerical value of the sine compunents, which combine to form the given
pattern, indicate the source or cause of the bending. It is on the basis

of this information that corrective action can be taken to reduce or eliminate
an undesirable stress condition.

The task of analyzing vibratory propeller stress data involves the measure-
ment of the trace amplitude and wave spacing, calculation of the stresses
and frequencies, and then the plotting of the results.

The calculation and plotting of amplitudes might be called the quantitative
aspect ("how much") and the determination of stress frequencies as the
qualitative ("what kind").

The process of deriving this information is laborious and often subjective.
In addition, to obtain any kind of higher frequency response over a 30- to
40-second cperational setting, the oscillograph paper speed results in a
great volume of recording paper in the aircraft. If data recording is
limited to short bursts, on the other hand, critical transients may be
overlooked.

Oscillographic recording normally is concerned with only the vibratory com-
ponent of the total stress, the steady component being assumed sufficiently
accurate when calculated from the centrifugal and thrust forces on the pro-
peller, which combine to produce the steady stress at a given flight
operating condition. Figure 13 defines steady, vibratory and total stresses.

When obtainable, the quantities usually considered in propeller dynamic stress
analysis are the peak stresses (+) and the mean or steady stresses.

MAGNETIC RECURDING.

Modern magnetic tape recording equipment offers numerous advantages in
acquisition and reduction of vibration dataj; a much greater capacity, higher i
frequency response, the ability to "refly'" test flights, data processing in 3
more than one manner and in "real time," and capabhility of processing data ) i
more than one time. 3

The fundamental process of recording data directly on the tape, known as d
direct recording, is the basis of all magnetic tape recording systems. All :
other methods of impressing data are to be considered as variations of the
direct method. Direct recording, however, is the optimum process for all
application requirements for a reasonably linear transfer characteristic
combined with maximum high frequency limit for any given tape speed.
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FIGURE 13. OSCILLOGRAPHIC RECORDING OF STRESS VARIATION

Major limitations of the direct recording process are caused mainly by a
weakness in mechanical systems used to transport the tape across the record/
reproduce heads and by the tape itself, rather than by the electronic system
or transducers,

A carrier frequency of constant amplitude and frequency contains no intellig-
ible information. In order to make use of it, the carrier wave must be
changed or modulated.

Modulation can be a variation of the amplitude or the frequency of the
carrier wave.

In amplitude modulation (AM) figure 14, the amplitude of the carrier
frequency varies in accordance with the modulating signal.

In frequency modulation (FM) figure 15, the carrier frequency 1is affected
and not the amplitude.
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In propeller vibration work, direct recording has the same limitations as
audio frequency sound recording; namely, a loss or absence of response at
the low freguency end from about 40 down to zero Hz direct current (d.c.).
Since this range often encompasses the first and second order components of
the vibration (vibration frequency divided by engine speed), as well as the
d.c. or steady stress component, it is of major interest in the analysis.
For this reason, the strain gage signal output voltage is used to modulate
an FM carrier of much higher frequency which can be recorded directly on
magnetic tape without loss of response. In order to restore the strain gage
signal to its original form, it is then necessary to demodulate (or discrim-
inate, detranslate) the FM data. Another advantage of FM is that carrier
frequencies can be selected which are far enough apart when modulated so as
not to interfere with each other, thus permitting several signals to be
recorded on one magnetic tape track or "multiplexed."

ELECTRONIC DATA PROCESSING.

Onice the data are recorded on tape and can be played back, they are amenable to
electronic rather than manual processing. Some commercially available,
special-purpose instruments designed for such use are as follows:

1. The spectrum analyzer, which scans the incoming data and produces a signal
which is a function of the frequency spectrum of the data (frequency components
making up the complex wave) (figure l6a and b).

2, The amplitude probability analyzer, which produces a signal which is a
function of the distribution of data amplitudes encountered during any given
period. This information can be used to derive peak and steady-stress
amplitudes (figure 1l6c).

3. The cumulative amplitude distribution analyzer, which presents much the
same information as the amplitude probability analyzer, but in a different
form. This analyzer indicates the distribution of amplitudes between zero and
maximum values (figure 16d).

4, Correlators, which can indicate the degree of autocorrelation of a signal
in any given function time or degree of cross-correlation between two
different functions as they are displayed in time (I') with respect to each
other (figure 1l6e).

5. The time of event indicator, which can be used to detect the occurrence of
a transient whose amplitude is above a preset value and which notes precisely
when it occurred,

6. Comb filters, which can be used to give a quick-look indication of any
significant peak which might occur in the data and which can then be studied
in more detail with some of the previously mentioned equipment.
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With such electronic equipment, many hours of magnetic tape can be reduced
and analyzed in many forms in a relatively short time, especially if a
programmable calculator or minicomputer and automatic plotting equipment is
available. This is oppesed to oscillographic recording which would make even
attempting to obtain many hours of continuous stress data impractical.

On many aircraft, such equipment carried onboard for the flight testing
program permits selective testing with resultant savings in time and expense.
The outputs of this equipment can be observed in real time on an oscilloscope
and/or a peak-reading device in flight,

If special-purpose equipment 1s not available, however, the data, after
discrimination (conversion from F}M to analog form), can be re-recorded on
oscillograph paper. By measurement of the recorded waveforms, values of
peak stress and the predominant frequency components can be taken as
previously outlined.

DESCRIPTION OF VARIOUS PROPELLER DATA SYSTEMS

SLIPRING AND BRUSH WITH OSCILLOGRAPH RECORDING.

The slipring and brush assembly, in its various forms (as previously described),
is the oldest data transmission device still in use (figure 17). Used with

a basic audio frequency amplifier for each channel, each strain gage output
eventually drives a light beam galvanometer in the oscillograph, creating
multiple traces on moving light-sensitive paper. Since the amplifiers

respond only to alternating inputs and the strain gage bridges used with the
common excitation of most slipring assemblies are subject to drift, this

systam is not normally capable of acquiring and transmitting the steady or
nonvibratory components of the propeller stress.

SLIPRING AND BRUSH WITH FM RECORDING.

The portable data acquisition system was a small, lightweight analog
magnetic tape data system developed at NAFEC, and intended for use in small
general-aviation aircraft (figure 17),

Signals originating at the propeller-mounted strain gages are routed to the
input side of the signal conditioner which is adjusted to output a voltage
level of zero to plus 5 volts or 2.5 volts above or below zero.

An additional function of the signal conditioner is to substitute a reference
voltage in place of the incoming signals. The substitution voliage is
utilized to calibrate at two levels, usually zero volt and either 2.5 or

5 volts,
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The electrical signal is routed to voltage-controlled oscillators (VCO's) where
the voltage is changed to a specific frequency range. The portable data
acquisition system contains 30 VCO's with center frequencies ranging from

400 to 30,000 Hz, The output of as many as 15 of these VCO's may be totaled
with a reference oscillator and recorded on one track of a magnetic tape
recorder. The frequency response of a VCO varies with its center frequency
and includes the range of 6 to 450 Hz.

The tape recorder is a seven-track analog magnetic tape recorder. One
track is assigned to voice, one track to time, and the remaining five tracks
are available for data.

A control unit serves to start and stop the recorder, as well as control the
calibration. The control unit also allows monitoring of input signals as
well as output of the reproducing amplifiers on the recorder.

A time-code generator, built into the portable data acquisition system, is
used to record coded time on the magnetic tape, This time is subsequently
used to seek out specific data for processing.

At NAFEC, the recorded information was discriminated and processed using a
variety of means. Peak vibration and mean stress at each flight operating
condition were taken from peak stress amplitude histograms and plotted against
the variable parameter. Power spectra were then taken and automatically
plotted for the data points of unusually high or unexpected stress levels,
This process involved a real time spectrum analyzer, correlator, and a
programmable calculator and plotter,

FAA/HSD SLIPRINGLESS SYSTEM,

This l6-channel data system represented by block diagram (figure 18) provides
for the modulation of constant bandwidth VCO's by low~level strain gage signals.,
Each VCO operates about a specific center frequency and the resultant FM out-
puts are linearly combined in a mixer amplifier. The mixer output, con-
sisting of 16 FM carriers from 16 to 136 kilohertz (kHz), is then connected

to one side of the capacitor coupling, composed of an engine-mounted stator

and a propeller-mounted rotor. The electrical power for the propeller-mounted
rotor and for the propeller-mounted system is generated by the rotary motion

of the propeller in conjunction with a stationary magnet assembly and a
rotating winding. The alternating current (a.c.) output of the alternator

is rectified, filtered, and regulated in the power supply (figure 19) to
provide both the 12,8 volts, direct current (Vd.c.) strain excitation and

the 28 Vd.c. for the electronic equipment. In addition, a signal with a
frequency proportional to propeller speed is obtained from the power supply
and included at the mixer. The input to the engine-mounted line driver

is obtained from the capacitor stator. The stationary (onboard) equipment
prepares the FM data for recording on an airborne tape recorder. The amplified
line driver output then drives a group of five filters. The 2 kHz low pass
removes the r/min signal from the spectrum and the four bandpass filters
divide the 16 VCO bands into four groups of four carriers. The bandpass
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